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Assembly and Architecture of Gram-Positive and -Negative Cell Walls
James C. Gumbart1, Morgan Beeby2, Grant Jensen3, Benoit Roux4.
1Georgia Tech, Atlanta, GA, USA, 2Imperial College, London, United
Kingdom, 3Caltech, Pasadena, CA, USA, 4U. Chicago, Chicago, IL, USA.
The cell wall, a porous mesh-like structure, provides shape and physical pro-
tection for bacteria. At the atomic level, it is composed of peptidoglycan
(PG), a polymer of stiff glycan strands cross-linked by short, flexible pep-
tides. However, at the mesoscale, multiple models for the organization of
PG have been put forth, distinguished by glycan strands parallel to the cell
surface (the so-called "layered’’ model) or perpendicular (the ‘‘scaffold’’
model). To test these models, and to resolve the mechanical properties of
PG, we have built and simulated at an atomic scale patches of both Gram-
positive and negative cell walls in different organizations up to 50 nanome-
ters in size. In the case of Gram-positive PG, molecular dynamics simulations
of the layered model are found to elucidate the mechanisms behind a distinct
curling effect observed in three-dimensional electron cryo-tomography im-
ages of fragmented cell walls. For Gram-negative PG, simulations of patches
with different average-glycan-strand lengths reveal an anisotropic elasticity,
in good agreement with atomic-force microscopy experiments. Insights
from the simulations reveal how mesoscopic and macroscopic properties of
a ubiquitous bacterial ultrastructure arise from its atomic-scale interactions
and organization.
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The bacterial cytoskeleton guides the synthesis of cell wall and thus regulates
cell shape. Since spatial patterning of the bacterial cytoskeleton is critical to
the proper control of cell shape, it is important to ask how the cytoskeleton
spatially self-organizes in the first place. In this work, we develop a quantita-
tive model to account for the various spatial patterns adopted by bacterial
cytoskeletal proteins, especially the orientation and length of cytoskeletal
filaments such as FtsZ and MreB in rod-shaped cells. We show that the com-
bined mechanical energy of membrane bending, membrane pinning, and fila-
ment bending of a membrane-attached cytoskeletal filament can be sufficient
to prescribe orientation, e.g. circumferential for FtsZ or helical for MreB,
with the accuracy of orientation increasing with the length of the cytoskeletal
filament. Moreover, the mechanical energy can compete with the chemical
energy of cytoskeletal polymerization to regulate filament length. Notably,
we predict a conformational transition with increasing polymer length from
smoothly curved to end-bent polymers. Finally, the mechanical energy
also results in a mutual attraction among polymers on the same membrane,
which could facilitate tight polymer spacing or bundling. The predictions of
the model can be verified through genetic, microscopic, and microfluidic
approaches.
Unconventional Myosins
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Force Generation by Membrane-Bound Myo1c, a Single Molecule Study
Serapion Pyrpassopoulos, Henry Shuman, E. Michael Ostap.
University of Pennsylvania, Philadelphia, PA, USA.
Myosin-IC (Myo1c) is a class-1 myosin that links cell membranes to the actin
cytoskeleton. Actin binding occurs via the motor domain, while the tail domain
interacts with phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) through
a pleckstrin homology domain. We expressed recombinant full-length myo1c
and we showed previously that it is able to propel actin filaments while attached
to a fluid supported-lipid-bilayer containing PtdIns(4,5)P2 in an in vitro gliding
assay. However, Myo1c in this ensemble assay undergoes its working stroke
under very low-loads, and it is of interest to measure the ability of the motor
to generate force while bound to a fluid bilayer. Therefore, we measured
the working stroke of membrane-bound myo1c molecules using an optical
tweezers in the three-bead assay configuration. We engineered spherical sup-
ported bilayers as pedestal beads with membranes consisting of 98% DOPC
and 2% PtdIns(4,5)P2. Membrane fluidity of the bilayers was confirmed by
FRAP of labeled lipids. We detected actin attachments of single membrane-
bound Myo1c molecules. We observed unitary work stroke events against
the force of the trap, followed by the relaxation of tension presumably due to
diffusion of the Myo1c on the lipid bilayer. The size of the working stroke
of membrane-bound Myo1c was reduced compared to Myo1c on a solid sub-strate, possibly due to the elasticity of the lipid membrane. The subsequent
relaxation of the tension takes place within 100 ms of the working stroke.
Our experimental results show that Myo1c can develop tension on fluid mem-
branes and may therefore actively contribute to tension between the membrane
and actin, as well as to powering changes in membrane morphology. This assay
will be useful to investigate the mechanical properties of the large number of
cytoskeletal proteins that are proposed to link membranes and actin. Supported
by NIH RO1GM57247.
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Exploring the Force-Sensitivity of Acanthamoeba Myosin 1C Function
Jay Howard, David Altman.
Willamette University, Salem, OR, USA.
Myosin motors have the ability to convert the chemical energy associated with
ATP hydrolysis into mechanical energy, allowing them to do work within the
cell. Each of the various myosin classes performs different tasks, ranging from
assisting in locomotion of the cell to trafficking cargo within the cell. It has
been hypothesized that class 1 myosins fit into two subclasses: subclass-2 my-
osins, which are thought to have a force-dependence; and subclass-1, which are
thought not to. While a functional response to external forces has been observed
for a subclass-2 myosin 1 (rat myosin 1b), a force-sensitivty in subclass-1 my-
osins has not yet been explored. We examined the force-sensitivity of Acantha-
moeba myosin 1c (AM1C) activity, a subclass-1 myosin 1. Here we present the
results of single molecule optical trap studies of the activity of AM1C when ex-
periencing forces opposing its direction of motion.
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Kinetic Characterization of Nonmuscle Myosin IIB at the Single Molecule
Level
Attila Nagy, Yasuharu Takagi, Neil Billington, Earl Homsher,
James R. Sellers.
NIH, Bethesda, MD, USA.
Nonmuscle myosin IIB (NMIIB) is a cytoplasmic myosin, which plays an im-
portant role in cell motility by maintaining cortical tension. It forms bipolar
thick filaments with ~14 myosin molecule dimers on each side of the bare
zone. Our previous studies showed that the NMIIB is a moderately high duty
ratio (~20-25%) motor. The ADP release step (~0.35 s-1), of NMIIB is only
~3 times faster than the rate-limiting phosphate release (0.13 5 0.01 s-1),
and as a result acto-NMIIB has the highest ADP-affinity reported so far for
the myosin superfamily (<0.15 mM). The aim of this study was to relate the
known in vitro kinetic parameters to the results of single molecule experiments
and to compare the kinetic and mechanical properties of a single- and double-
headed myosin fragments, and nonmuscle IIB thick filaments. Examination of
the kinetics of NMIIB interaction with actin at the single molecule level was
accomplished by the use of TIRF using FIONA and dual-beam optical trap-
ping. At a physiological ATP concentration (1 mM), the rate of detachment
of the single-headed and double-headed molecules was similar (~0.4 s-1). us-
ing optical tweezers we found that the power-stroke sizes of single- and
double-headed HMMwere ~6 nm. No signs of processive stepping at the single
molecule level were observed in the case of NMIIB-HMM in optical tweezers
or TIRF/in vitro motility experiments. In contrast robust motility of individual
fluorescently labeled thick filaments of full-length NMIIB was observed on ac-
tin filaments. Our results are in good agreement with the previous steady state
and transient kinetic studies and show that the individual nonprocessive non-
muscle myosin IIB molecules form a highly processive unit when polymerized
into filaments.
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Magnesium-Dependence and Active Site Dynamics in Myosin V and
Myosin II
Anja M. Swenson1, Joseph M. Muretta2, Faith D’ Amico1,
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We examined the magnesium-dependence of heavy meromyosin V (MV
HMM) and two class II muscle myosins, skeletal muscle myosin (SK
HMM) and smooth muscle myosin (SM HMM), in the in vitro motility and
solution actin-activated ATPase assays. We find that all three myosins are in-
hibited in a Mg2þ-dependent manner (0.5-10 mM MgCl2) in both ATPase and
motility assays, under conditions in which the ionic strength was held con-
stant. Interestingly, MV was more steeply dependent on magnesium than
both SK and SM. In addition, actin filament breaking in the motility assay
was two-fold faster with MV HMM at high (10 mM) compared to low
(1 mM) MgCl2 conditions. To begin to understand how the active site of my-
osin V is different from myosin II we examined the time resolved fluorescence
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(Dicty S1) in the presence of 1 mM MgCl2. We found that dmantADP bound
to acto-MV 1IQ contained two lifetime components (8 and 3 ns). Time-
resolved anisotropy studies of the two lifetime components in myosin
V reveal that the long lifetime component was more immobilized (correlation
time = 12 ns) while the short lifetime component was highly dynamic (corre-
lation time = 0.4 ns). Interestingly, Dicty S1 contained a single lifetime com-
ponent (8 ns). The two conformations of the myosin V active site may allow
Mg2þ to more efficiently bind and reduce key steps in the ATPase cycle such
as ADP release. Overall, our results suggest that differences in the structural
dynamics of the active site of myosins may play a role in their dependence on
free Mg2þ, which could explain why Mg2þ differentially alters the motile and
force generating properties of myosins.
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The N-terminus is a highly variable region among the myosin superfamily and
has been associated with alterations in rotation of the lever arm and step size.
We examined the structural dynamics of the N-terminal region of myosin V us-
ing steady-state and stopped-flow FRET. We introduced a tetra-cysteine site at
the extreme N-terminus of a Myosin V 1IQ construct and labeled it with a bi-
sarsenical fluorescin derivative (FlAsH) (MV NT-FLAsH). Energy transfer be-
tween FlAsH and mant or deac labeled nucleotides (dmantATP, dmantADP
and deacATP) was monitored. Steady-state FRET experiments with the
mant-FlAsH pair demonstrated a high FRET state in the presence of dmantATP
and a low FRET state in the presence of dmantADP. Sequential-mix, in which
MV NT-FLAsH is first mixed with dmantATP, aged to allow formation of
the M.ADP.Pi state, and then mixed with saturating actin allowed us to explore
the actin-acitvated product release steps. Biphasic transients with rates
corresponding to the fast and slow rate of dmantADP release were observed.
The sequential mix experiments with deacATP yielded three phases; a fast,
actin dependent, phosphate release phase followed by the two phases of ADP
release. Our results suggest the FRET signal monitors a structural change in
the N-terminus associated with the sequential release of products. A high
FRET state upon binding of ATP is associated with formation of the pre-
powerstroke state of the lever arm and a low or no FRET state in the presence
of ADP suggests formation of the post-powerstroke state. Our results allow us
to hypothesize that movement of the N-terminal domain follows the movement
of the converter/lever arm. Further experiments will explore the dynamics of
the N-terminal domain and examine how its motion correlates with the con-
formation of the nucleotide binding pocket and lever arm.
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Insights into the Mechanism of Myosin V Processivity from Point
Mutations in the Converter Domain
Sergey V. Mikhailenko, Takashi Ohki, Jun-ichi Yoshimoto,
Shin’ichi Ishiwata.
Waseda University, Tokyo, Japan.
Dimeric myosin V is an intracellular transporter, which moves cargoes to-
wards the barbed end of actin filaments. Its ability to perform as individual
molecules implies that the ATPase cycles in two head domains are coordi-
nated, ensuring the efficient unidirectional motility. Directional loads were
shown to modulate the kinetics of nucleotide binding to myosin V, suggesting
that the head-head communication may be achieved via intramolecular load,
generated when both heads are bound to actin. Here we directly tested the
effect of the intramolecular load on the processive stepping of myosin V,
using point mutations in the converter domain. The converter is a compact
structure, which transmits tiny conformational changes at the nucleotide-
binding site to the lever arm. To disturb the transmission mechanism, we
replaced with alanines, one at a time, two phenylalanine residues that form
a hydrophobic cluster with the C-terminus of the relay helix. These mutations
are inferred to reduce intramolecular load but affect neither the nucleotide
binding nor actin affinity. We used the combination of bulk kinetic and
single-molecule measurements to study in detail the effect of the mutations
in the converter on the myosin V performance. The F697A mutation, which
completely eliminates intramolecular load, abolishes the motility of myosin
V dimers. At the same time, the F749A mutation, which only partly reduces
intramolecular load, significantly increases the proportion of backward steps.
The obtained results provide strong experimental evidence that the efficient
unidirectional processive stepping of myosin V is ensured by the head-head
communication based on the intramolecular load.3304-Pos Board B459
Searching, Stepping, and Stomping: What Polymer Theory can teach us
about the Molecular Motor Myosin V
Michael Hinczewski1, Riina Tehver2, Devarajan Thirumalai1.
1University of Maryland, College Park, College Park, MD, USA, 2Denison
University, Granville, OH, USA.
Though myosin V is among the most extensively studied of motor proteins, im-
provements in experimental techniques continue to provide new insights into
the details of its dynamics. High-speed atomic force microscopy has visualized
not only the expected hand-over-hand stepping of the two-headed motor along
actin filaments, but additional, less well understood behaviors like ‘‘foot stomp-
ing’’, where one head detaches and rebinds to the same site. A comprehensive
picture of myosin motility needs to account for all the kinetic pathways, includ-
ing backstepping and foot stomping, how they vary under load, and their rela-
tionship to the structural and chemical parameters of the motor. Starting from
a simple polymer model, we develop an analytical theory to understand the
minimal physical properties that govern motor dynamics. In particular, we
solve the first-passage problem of the head reaching the target binding site, in-
vestigating the competing effects of load pulling back at the motor, strain in the
leading head that biases the diffusion in the direction of the target, and the pos-
sibility of preferential binding to the forward site due to the recovery stroke.
The theory reproduces a variety of experimental data, including the power
stroke and slow diffusive search regimes in the mean trajectory of the detached
head, and the force dependence of the forward-to-backward step ratio, run
length, and velocity. The analytical approach yields a formula for the stall
force, identifying the relative contributions of the chemical cycle rates versus
mechanical features like the bending rigidities of the lever arms. Moreover
we can fully explore the parameter phase space, to determine the robustness
of the dynamical behavior to perturbations, and the natural constraints that
dictate the structure of the motor.
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mRNA Transport by a Class V Myosin from Budding Yeast
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Sub-cellular localization of mRNA is a widely used mechanism to ensure cor-
rect spatial and temporal expression of proteins within the cell. A paradigm for
localizing mRNAs is the ASH1 transcript in budding yeast which is transported
by Myo4p, a class V myosin motor. We previously showed that Myo4p is a sin-
gle-headed motor that tightly binds the adapter protein She3p. She3p also inter-
acts with the mRNA-binding protein She2p, which recruits two Myo4p/She3p
motors. This double-headed motor complex is processive at low salt, but be-
comes destabilized at physiological ionic strength, suggesting that other factors
are required for Myo4p motility. To understand how Myo4p functions in the
cell, we increased the complexity of our system by adding labeled mRNA cargo
to the motor complex, forming a fully reconstituted messenger ribonucleopro-
tein complex (mRNP). This mRNP shows robust processivity at physiological
ionic strength, thus providing a checkpoint to ensure that only Myo4p motors
that are integrated into an mRNP are motile. The ASH1 transcript contains
four sequence elements called ‘‘zipcodes’’, which bind She2p. To understand
why ASH1 has multiple zipcodes, we reconstituted ASH1 mRNPs containing
varying numbers of zipcodes. We find that transcripts with multiple zipcodes
more effectively recruit a paired motor complex for transport. Metal-
shadowed images of mRNPs show as many as 8 motors bound to native
ASH1 transcripts, suggesting that these particles are likely optimized to
move on the actin cables found in the cell. We find that mRNP motility on actin
bundles shows dramatic enhancements in both run frequency and run length
compared to single actin filaments. Thus, only by building complexity
in vitro can one begin to fully understand how motors function in their cellular
context.
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Myosin Va is a processive, actin-based molecular motor that is critical for or-
ganelle transport. While transporting intracellular cargo, myosin Va faces sig-
nificant physical barriers and directional challenges created by the complex
actin cytoskeleton, a network of intersecting actin filaments and actin bundles.
We have created an in vitro model system of fascin cross-linked unipolar actin
bundles. While walking on an actin bundle, a single myosin Va motor switches
